The effect of Bordetella pertussis adenylate cyclase toxin (ACT) on platelet aggregation was investigated. This cell-invasive adenylate cyclase completely suppressed ADP (10 M)-induced aggregation of rabbit platelets at 3 g/ml and strongly suppressed thrombin (0.2 U/ml)-induced aggregation at 10 g/ml. The suppression was accompanied by marked increase in platelet intracellular cyclic AMP (cAMP) content and was diminished by the anti-ACT monoclonal antibody B7E11. A catalytically inactive point mutant of ACT did not show the suppressive effect. Since an increase of cAMP content is a known cause of platelet dysfunction, these results indicate that the observed platelet inactivation was due to the catalytic activity of ACT through increase of intracellular cAMP.
The adenylate cyclase toxin (ACT) of Bordetella pertussis is a 1,706-amino acid (aa) RTX toxin (5, 18) which enters mammalian cells and converts intracellular ATP to cyclic AMP (cAMP) in an unregulated way due to its high catalytic activity in the presence of calmodulin (7, 21, 24, 55) . Since calmodulin is absent from bacteria, it is likely that ACT functions exclusively in mammalian cells.
The adenylate cyclase catalytic activity of this toxin is located in the N-terminal 400-aa domain which upon interaction with mammalian cells is internalized into the target cells across the cytoplasmic membrane in the presence of calcium (17, 18, 34, 43) . The invasive activity strictly depends on the integrity of the 1,300-residue-long C-terminal part of the molecule; even a small deletion of 60 aa completely impairs the invasive activity (27, 45) . This C-terminal domain is also endowed with hemolytic activity (1, 12, 22, 44, 45) and is structurally closely related to RTX toxins, including ␣-hemolysin of Escherichia coli (8) . The hemolysin domain forms a hemolytic pore on sheep and human erythrocytes (44, 45) and on artificial lipid bilayer membranes (2, 51) , suggesting that ACT has a very broad target cell specificity. ACT can invade and can elevate intracellular cAMP levels in a wide variety of cell types, including isolated and established human leukocytes (7, 14, 16, 26, 41) , mouse neuroblastoma N1E-115 (11) and adrenal tumor Y-1 (16) cells, Chinese hamster ovary cells (16, 20, 38, 42) , and baby hamster kidney cells (54) , as well as human and sheep erythrocytes (1, 13, 43, 45) .
Since cAMP has been generally recognized to be an important intracellular second messenger, numerous studies have been performed to clarify the role of ACT in whooping cough disease. Mutant B. pertussis strains deficient in ACT synthesis are known to be unable to colonize the surface of respiratory tract (19, 53) . In addition, ACT has been shown to inhibit phagocytic functions (7, 41) and to induce apoptosis in macrophages (23, 30) . However, the primary target of ACT during B. pertussis infection has not yet been clearly identified.
The platelets are one of the major blood components, and their dysfunction results in hemorrhage, which is considered to be one of the complications of whooping cough (52) . cAMP, on the other hand, is known to be a potent suppressor of platelet aggregation (25, 37, 46, 56) . We demonstrate here that ACT suppresses platelet aggregation in vitro through increase of intracellular cAMP due to its catalytic activity and that ACT induces prolongation of bleeding time in vivo.
MATERIALS AND METHODS

Preparation of toxins.
Recombinant ACT (3) and its catalytically inactive derivative ACTK58Q (27) were expressed in E. coli XL1-Blue harboring separately plasmids pCACT3 (3) and pT7CT7ACT-K58Q (constructed by Peter Šebo and kind gifts from Agnes Ullmann [Institut Pasteur]). Recombinant toxins were extracted from ultrasound-disrupted cell debris, which contained 60 to 70% of total cellular adenylate cyclase activity (45, 48) , with 8 M urea-50 mM Tris-HCl-0.2 mM CaCl 2 (pH 7.5) and then purified to close to homogeneity by DEAESepharose Fast Flow chromatography as described by Sakamoto et al. (45) (Fig.  1) . Protein content was determined with a Pierce bicinchoninic acid (BCA) protein assay kit (49) . Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on an 8% gel was performed as described by Laemmli (35) , and proteins were visualized with Coomassie brilliant blue. Preparation of platelets. (i) Platelet preparation for cAMP assay. Platelets were prepared as described by Kitamura et al. (32, 33) , with slight modification. Japanese White rabbits (3 to 4 kg) were bled (10 ml) into a 10-ml syringe containing 1/10 volume of 3.8% sodium citrate. The blood was centrifuged at 190 ϫ g for 20 min, and the upper layer (platelet-rich plasma [PRP]) was isolated. Eventually, the lower layer, which still contained platelets, was resuspended in washing medium (135 mM NaCl, 4 mM glucose, 2 mM EDTA, 13 mM sodium acetate [pH 6.5]) and centrifuged at 190 ϫ g for 20 min, and the upper layer was added to PRP. PRP or washing medium-containing PRP was then centrifuged again at 190 ϫ g for 5 min to remove contaminating nonplatelet cells, and then the supernatant was centrifuged at 800 ϫ g for 10 min to precipitate platelets. Precipitated platelets were resuspended in 10 ml of washing medium. The platelets were washed two times in washing medium by recentrifuging at 800 ϫ g for 10 min and then once with suspension medium (135 mM NaCl, 5 mM glucose, 2 mM EDTA, 15 mM HEPES [pH 7.5]). The platelets were finally resuspended in 5 ml of suspension medium and kept at 37°C to prevent spontaneous aggregation. The final platelet preparation contained 1 nonplatelet cell per 2,000 to 10,000 platelets, which did not significantly affect cAMP measurements (data not shown).
(ii) Platelet preparation for aggregation assay. PRP was isolated as described above except that Na,K-Tris (137 mM NaCl, 5.4 mM KCl, 11 mM glucose, 25 mM Tris-HCl [pH 7.4]) was used instead of washing medium (31) . PRP or Na,K-Tris-containing PRP was recentrifuged at 800 ϫ g for 10 min, and precipitated platelets were resuspended in 450 l of Na,K-Tris. Then 50 l of 112 mM citrate (pH 6.0) was added to the platelet suspension, and the suspension was kept at 37°C to prevent spontaneous aggregation. The final preparation contained 1 nonplatelet cell (which did not contribute to aggregation) per at least 1,000 platelets.
Establishment and production of monoclonal antibody B7E11. The adenylate cyclase toxin fragment AC 196-267 , comprising aa 196 to 267 (corresponding to the calmodulin binding site of the catalytic domain), was expressed in E. coli and purified as described previously (39) . Purified AC 196-267 was kindly provided by Hélène Munier. Spleen cells of mice highly immunized with AC 196-267 (a kind gift of Nicole Guiso) were fused with the murine fusion line SP2, and the specificity of antibody secreted by cloned hybridomas was identified by screening of culture supernatants in ACT and AC 196-267 enzyme-linked immunosorbent assay (ELISA). For ELISA, the purified protein of interest (10 g/ml; 100 l/well) was directly coated overnight onto Maxisorp Microtiter plates (Nunc, Roskilde, Denmark) in alkaline carbonate buffer (pH 9.6). The wells were then blocked with phosphate-buffered saline (PBS) containing 2% bovine serum albumin for 4 h at room temperature. Hybridoma supernatants were incubated 2 h in the wells, followed by washing with PBS-bovine serum albumin containing 0.5% Tween 20. Bound antibody was detected by using goat anti-mouse antibody labeled with alkaline phosphatase and revealed with the substrate p-nitrophenyl phosphate (Sigma); plates were read at wavelength 405 nm. Antibody B7E11 was purified from hybridoma supernatant by protein A-agarose chromatography (HiTrap; Pharmacia, Uppsala, Sweden), purity was checked by SDS-PAGE, and the protein content of purified antibody was determined by the Pierce BCA protein assay. cAMP assay. A 125-l portion of platelet suspension was added to 125 l of prewarmed (37°C) suspension medium containing 4 mM CaCl 2 , which gave a final concentration of 1 mM in the 250-l incubation due to the chelating effect of EDTA in the platelet suspension. To avoid protein denaturation, appropriate concentrations of ACT and ACTK58Q were added to the medium immediately before addition of platelet suspension. Urea concentration in all incubations were equilibrated to 48 mM. The mixture was then incubated at 37°C, and cAMP was extracted by the method of Kitamura et al. (32, 33) . Briefly, 1 ml of ethanol containing 0.15 M HCl was added to the incubation mixture, and platelets were immediately disrupted by sonication for 10 s with a model UP 50 H sonicator (Dr Hielscher GmbH, Teltow, Germany). The sonicated extract was heated at 100°C for 10 min, and then solvent was evaporated. Residues were redissolved in 1 ml of 50 mM sodium acetate buffer (pH 6.2), and 10 to 100 l was subjected to radioimmunoassay (1) using rabbit anti-cAMP polyclonal antiserum (ICN Biochemicals, Costa Mesa, Calif.). Sixty percent of cAMP had already accumulated during first 5 min of a 15-min incubation period and thus was already present at a level about 170 times higher than physiological cAMP levels (data not shown). Thus, to avoid spontaneous platelet aggregation during unnecessarily prolonged incubation periods, 5 min of ACT treatment was used for cAMP and aggregation assays throughout this study.
Platelet aggregometry. ADP-or thrombin-induced platelet aggregation was expressed as decrease of absorbance (4) (increase of light transmittance) of platelet suspension at 700 nm. Fifty microliters of platelet suspension was added to an aggregometer cuvette (no. 3121; SSR Engineering Co., Tokyo, Japan) containing 450 l of Na,K-Tris supplemented with 1 mM CaCl 2 . Rabbit fibrinogen (Sigma Chemical, St. Louis, Mo.) was added to 1 mg/ml for ADP-induced aggregation assays. ACT, ACTK58Q, dibutyryl-cAMP, or forskolin was then added, and the mixture was incubated at 37°C for 5 min. The urea concentration in the incubation mixture was kept below 45 mM, as described in the figure legends. After incubation, the cuvettes were placed in the incubation chambers of the two-chamber aggregometer (model PAT-2M; SSR Engineering), and absorbance of this initial mixture was set as 100%; absorbance of Na,K-Tris was set as 0%. Fifty microliters of 100 M ADP or 2 U/ml of thrombin (Sigma) per incubation (final concentrations of 10 M or 0.2 U/ml, respectively) was added gently but rapidly, using a 50-l microsyringe, and the change in absorbance was monitored and recorded with a two-pen recorder (model U-228; Nippon Denshi Kagaku, Kyoto, Japan).
Extensive care was taken for antibody-blocking experiment in order to establish experimental conditions which allow a proper antigen-antibody reaction without impairing the aggregation potential of platelets. Because the internalization of ACT into target cells is considered to be very rapid, antibody molecules are not likely to be able to complete their binding to ACT molecules before ACT internalizes across the platelet cell membrane. On the other hand, a frequently used method, such as preincubation of antibody with ACT prior to addition of the platelet suspension, could not be successfully employed either, because of nonspecific inactivation of ACT due to self-aggregation in the absence of denaturing agents such as 8 M urea. Thus, during antibody treatment, translocation of membrane-inserted ACT molecules into platelets was prevented by not adding calcium ions (43) (but not by chelating) into the Na,K-Tris incubation medium. This mixture was incubated at 37°C for 8 min, and then a 1/20 volume of 20 mM CaCl 2 was added to allow ACT internalization. After 5 min of incubation at 37°C, ADP was added and changes in absorbance at 700 nm were recorded.
Bleeding time assay. The bleeding time assay was performed as described by Dejana et al. (10) and others (40, 50) . Briefly, ACT or ACTK58Q (100 g/ mouse) was injected intravenously to female Slc: ddY mice (47) (8 weeks old) at the base of the tail. Thirty minutes after injection, the tail tip (2 mm) was cut under pentobarbital (Nembutal; 50 mg/kg of body weight, Abbott Laboratories, Chicago, Ill.) anesthesia, and the tail was immediately immersed in PBS (37°C). Bleeding time was measured from the time of tail transsection to an abrupt stopping of bleeding without rebleeding within 30 s. Bleeding times exceeding 15 min were recorded as 900 s.
RESULTS
Platelet cAMP accumulation by ACT. To examine whether ACT is able to act on rabbit platelets, we first measured the effect of ACT on platelet intracellular cAMP levels. Rabbit platelets (1.2 ϫ 10 8 /ml) were treated with 0.3 to 10 g/ml (equivalent to a catalytic activity of 0.12 to 4.0 mol of cAMP/ min) of DEAE-purified ACT in 250 l of suspension medium containing 1 mM CaCl 2 at 37°C for 5 min, and then intracellular cAMP was extracted by ultrasonic cell disruption in ethanol-HCl and measured by radioimmunoassay (Fig. 2) . ACT induced an increase in cAMP level in platelets dose dependently, up to 5 nmol/10 9 platelets at 10 g/ml. In contrast, no significant increase of intracellular cAMP level was induced by 10 g of ACT per ml in the absence of calcium, which is known to be required for internalization of the toxin into cells (43) . The catalytically inactive mutant ACTK58Q did not show a significant increase of intracellular cAMP even at a concentration as high as 10 g/ml, indicating that the cAMP increase by catalytically active ACT is a consequence of its internalization into platelets. Forskolin (10 M) induced a slight but significant increase of intracellular cAMP compared to platelets containing urea, ACTK58Q, or ACT (without CaCl 2 ) (Fig. 2) . As cAMP levels in urea-treated platelets were significantly higher than those of untreated platelets (Fig. 2) , urea treatment provided more suitable controls.
Suppression of ADP-induced platelet aggregation by ACT. We then investigated the effects of ACT on the aggregation potency of rabbit platelets through an increase of intracellular cAMP levels.
Rabbit platelets (1.5 ϫ 10 8 /ml) were resuspended in Na,KTris supplemented with 1 mM CaCl 2 , aggregation was initiated by the addition of 10 M ADP, and absorbance of the platelet suspension was monitored with a platelet aggregometer. A dramatic decrease in absorbance due to aggregation was observed within 1 min after addition of ADP to control (buffered 8 M urea-treated) platelet suspension, which reflects the normal reactivity of the platelets to ADP (Fig. 3) . Treatment of platelets with ACT (3 g/ml; equivalent to a catalytic activity of 1.2 mol of cAMP/min) for 5 min at 37°C, prior to addition of 10 M ADP, completely suppressed the aggregation (Fig. 3) . This suppression was also observed by forskolin (10 M) and dibutyryl-cAMP (1 mM) treatments (Fig. 3) . In contrast, the catalytically inactive mutant ACTK58Q at 3 g/ml (Fig. 3) or 10 g/ml (data not shown) did not significantly suppress ADPinduced aggregation, suggesting that the impairment of platelet function resulted from accumulation of intracellular cAMP. There was no significant difference between buffered 8 M ureatreated and untreated controls (data not shown), which was compatible with the results of Camici et al. (6) .
This suppressive effect of ACT was diminished by an anti-ACT monoclonal antibody, B7E11, that reacts with the calmodulin binding site of ACT, located in the middle of the catalytic domain (17) . Platelets (1.5 ϫ 10 8 /ml) were treated sequentially with the antibody (6.6 g/ml) and ACT (7.5 g/ ml) as described in Materials and Methods, and then ADP (10 M) was added to initiate platelet aggregation. Monoclonal antibody B7E11 was shown to partially inhibit the suppressive effect of ACT, resulting in significant recovery of platelet aggregation (Fig. 4) .
The suppressive effect of ACT on ADP-induced platelet aggregation was dose dependent. Although there was a large variation in the level of responsiveness of platelets when different platelet preparations were used, a positive correlation was always observed between the degree of suppression and ACT concentration. A typical pattern of dose dependency is shown in Fig. 5 . Percent suppression (determined as described in the legend to Fig. 5 ) increased with ACT concentration, reaching 100% at 3 g/ml, clearly indicating the dose dependence of the ACT effect on ADP-induced platelet aggregation.
Suppression of thrombin-induced platelet aggregation by ACT. Figure 6 shows the effect of ACT on thrombin-induced platelet aggregation. Thrombin (0.2 U/ml) more strongly induced aggregation on control platelets, and this aggregation was suppressed by 3 g of ACT per ml. Stronger suppression was achieved by treatment with higher concentrations of ACT (up to 10 g/ml), again showing a clear dose dependence, which may reflect higher intracellular cAMP accumulation evoked by 10 g/ml than by 3 g/ml, as shown in Fig. 2 Anti-ACT monoclonal antibody B7E11 or control mouse immunoglobulin G (IgG; Sigma) (6.6 g/ml; added as 20 l of a 165-g/ml solution in Tris-buffered saline) and ACT (7.5 g/ml; added as a 1.25 l of a 3-mg/ml solution in buffered 8 M urea) were sequentially added to 500 l of platelet suspension (1.5 ϫ 10 8 /ml) in Na,K-Tris in the absence of calcium chloride and incubated for 8 min at 37°C; 25 l of Na,K-Tris containing 20 mM CaCl 2 was then added; after a further 5 min of incubation at 37°C, 50 l of 100 M ADP was added to initiate platelet aggregation and changes in absorbance were recorded. tant ACTK58Q did not suppress thrombin-induced aggregation. There was no significant difference between buffered 8 M urea-treated and untreated controls (data not shown). These results clearly indicate that the suppression of ADP-and thrombin-induced platelet aggregation was due to the catalytic activity of ACT through increase of intracellular cAMP.
In vivo effect of ACT on mouse bleeding time. We then examined whether this suppressive effect of ACT on platelet aggregation would occur in vivo in mice. ACT and ACTK58Q were injected intravenously into the tail vein of mice at the base of the tail, to avoid destruction of tail tissue near the tail tip. Thirty minutes after injection, the tail tip (2 mm) was cut with a sharp razor blade under pentobarbital anesthesia, the tail was immediately immersed in PBS (37°C), and bleeding times were measured for eight to nine mice per group. Significance of difference between groups was confirmed with Student's t test. Table 1 shows the bleeding times of ACT-treated, ACTK58Q-treated, and control (buffered 8 M urea-treated) mice. The result clearly show a significant prolongation of bleeding time by ACT treatment, compared to ACTK58Q-treated and control groups, indicating the in vivo suppressive activity of ACT on blood coagulation.
DISCUSSION
We observed that ACT suppresses ADP-and thrombininduced aggregation of rabbit platelets in vitro. We also observed a large delay of bleeding time in vivo in ACT-treated mice, probably resulting from the suppression of platelet aggregation. The in vitro suppression was dependent on ACT concentration in the incubation medium and reached complete suppression of ADP-induced aggregation at a high concentration such as 3 g/ml (Fig. 3) . The suppression was accompanied by a marked increase in intracellular cAMP levels (Fig. 2) , and the catalytically inactive mutant ACTK58Q showed no such suppressive effect (Fig. 3) . As cAMP is a widely recognized suppressor of platelet aggregation (25, 37, 46, 56) , the results clearly indicate that ACT suppresses platelet aggregation by increasing intracellular cAMP through its catalytic activity. This observation is also supported by the fact that the suppressive effect was diminished by adding the anti-ACT monoclonal antibody B7E11, directed against the calmodulin binding site in the catalytic domain of ACT (Fig. 4 ). This antibody is also able to inhibit the internalization of ACT into sheep erythrocytes (data not shown), suggesting that the partial inhibition of ACT action by this antibody was due to blocking of ACT entry into platelets but not to inhibition of the catalytic activity of ACT. Preliminary experiments indicate that this antibody does not exert a significant inhibitory effect on the adenylate cyclase catalytic activity of ACT. This is often the FIG. 6 . Suppression of thrombin-induced platelet aggregation by ACT. Platelets (1.7 ϫ 10 8 /ml) were treated with ACT (3 or 10 g/ml; added as 2.4 l of a 625-g/ml solution or 2.9 l of a 1.7-mg/ml solution in buffered 8 M urea, respectively) or ACTK58Q (10 g/ml; added as 2.9 l of a 1.7-mg/ml solution in buffered 8 M urea) or 2.9 l of buffered 8 M urea in 500 l of Na,K-Tris (137 mM NaCl, 5.4 mM KCl, 11 mM glucose, 25 mM Tris-HCl [pH 7.4]) containing 1 mM CaCl 2 at 37°C for 5 min. Then 50 l of thrombin (2 U/ml) was added, and changes in absorbance were recorded. case; among a large number of monoclonal or polyclonal antibodies (raised in rabbits, guinea pigs, or mice) against ACT, inhibition of adenylate cyclase activity was observed only once (51a).
cAMP is known to suppress both ADP-and thrombin-induced platelet aggregation (25, 37, 46, 56) . ADP and thrombin trigger platelet activation by release of calcium from intracellular pools, through activation of phospholipase C and subsequent release of inositol 1,4,5-triphosphate (15) . Alternatively, ADP is considered to stimulate calcium influx by opening of calcium channels which are coupled with membrane ADP receptors (15) . Various mechanisms have been proposed for cAMP-mediated platelet inactivation, including (i) promotion of calcium efflux through activation of plasma membrane Ca 2ϩ -ATPase by cAMP-dependent protein kinase (9, 29) , (ii) reduction of phospholipase C/inositol 1,4,5-triphosphate-mediated calcium mobilization from intracellular stores by interacting with phospholipase C (15), and (iii) reduction of the binding and response of platelets to thrombin (36) . Although the mechanism of cAMP-mediated suppression of platelet aggregation has not yet been clearly elucidated, our results are fully consistent with all of these proposed mechanisms, as ACT simply produces supraphysiological amount of intracellular cAMP in platelets. In contrast, the increase of intracellular cAMP by 10 M forskolin was significant but lower than that induced by 0.3 g of ACT per ml (Fig. 2) , although the same concentration of forskolin completely suppressed ADP-induced platelet aggregation ( Fig. 3 ) whereas 0.2 or 0.5 g ACT per ml did not (Fig. 5) . The reason for this discrepancy remains unclear. One possible explanation could be the difference between the mechanisms of action of forskolin and ACT. Forskolin increases cAMP concentration by activating an exquisitely regulated cellular adenylate cyclase (29) , while the calmodulin-activated invasive ACT catalyzes high-level synthesis of cAMP, which might alter cellular physiology in a different way.
Both ADP-and thrombin-induced platelet aggregation were suppressed by ACT in a dose-dependent manner. However, the ADP-induced aggregation appeared to be more sensitive to the suppressive effects of ACT than that induced by thrombin under our experimental conditions. An ACT concentration of 3 g/ml was sufficient to completely suppress the ADPinduced platelet aggregation (Fig. 3) , while concentrations as high as 10 g/ml did not bring about a complete suppression of thrombin-induced aggregation (Fig. 6 ). This could be due to the difference between the mechanisms of platelet aggregation induced by these two agents. In fact, ADP-induced aggregation was partially reversible (data not shown), and the maximum reduction of absorbance did not exceed 50% (Fig. 3 ). In contrast, thrombin-induced aggregation was biphasic and irreversible, forming a cluster tightly attached to the stirring bar in the aggregometer cuvette, and the maximum reduction of absorbance reached almost 100% (Fig. 6 ). In addition, these agents may not be equally effective as inducers of platelet aggregation at the concentrations used in this study.
Numerous experimental data (7, 23, 30, 41) have shown that ACT serves to disable the host defense function of immune effector cells during the early stage of B. pertussis infection. In addition to these actions, we reported here the effects of ACT on platelet aggregation and bleeding time not only in vitro but also in vivo; however, the significance of these biological activities in pertussis disease is not yet clear. Pertussis disease is often accompanied by complications such as subconjunctival hemorrhage, skin petechiae, epistasis, hemoptysis, and occasionally intracranial hemorrhage (52) . These symptoms are generally regarded as a result of venous congestion (52); however, these hemorrhagic symptoms resemble platelet dysfunction and could also be attributed, at least in part, to ACT. On the other hand, ACT is not considered to circulate in the bloodstream in clinical pertussis cases, as evidenced by the facts that (i) viable B. pertussis bacteria have been very rarely detected in circulating blood of patients (28, 52) and (ii) the presence of ACT in circulating blood has, to our knowledge, never been reported. To clarify whether ACT contributes to the symptoms of pertussis, further experimental evidence is needed. In vivo and in vitro analysis of platelet functions of patients and experimentally infected animals would help to elucidate the role of ACT in pertussis disease.
